Erosion is an important consideration in remediation strategies of slopes at contaminated sites such as mine tailings. Pelletized waste materials offer the dual advantages of waste utilization and soil erosion prevention at such sites. These materials could be designed to reduce stormwater runoff by optimizing their infiltration capacities, to trap the eroded soil particles and pollutants before they get to the nearby lakes and streams, and store sufficient moisture for supporting vegetation. In this paper, we present the results of our study that focused on flow, erosion, and filtration through an erosion control blanket built with three different particle size ranges of pelletized waste materials. The finest gradation is used on the upper portion of the slope, and the medium and coarse gradations are used in the lower portions to act as graded filters for the upper portion. The density, gradation, and erodibility properties of the waste materials are used for calculating the flow, internal erosion, filtration, and moisture retention in the erosion control blanket. The model is intended to aid in the engineering design of erosion-resistant blankets on slopes. It optimizes the physicochemical and hydraulic characteristics of the pelletized waste materials to fulfill diverse functions of an erosion blanket, viz., erosion resistance, runoff inhibition, moisture retention to support vegetation, and controlled infiltration.
INTRODUCTION
Soil erosion is a world-wide problem that is causing early deterioration of public infrastructure, and pollution of surface and ground waters. As compared to vegetated landscapes, exposed soil slopes of earth structures and waste disposal sites experience higher levels of erosion due to rainfall. Engineering suitable methods to prevent erosion for protecting environment is now a statutory requirement in many countries. In the United States of America (USA), the Clean Water Act (CWA) and the National Pollutant Discharge Elimination System (NPDES) are being enforced to prevent pollution of surface and ground waters from point and non-point sources of pollution.
In the United States, the annual soil loss due to erosion is estimated at 4 billion tons. Soil erosion results in loss of fertility, leaching of nutrients and pesticides, increased sedimentation of drainage systems and water bodies, and increased cost of drinking water treatment. In USA, the estimated annual economic loss considering these costs is put at 44 billion dollars (Brady and Weil, 2004) . As per NPDES Phase II, that is in force from 2003 in USA, any activity disturbing soil on areas measuring 1 acre or over must have an approved storm water pollution prevention plan (SWPPP). Faucette et al (2005 Faucette et al ( , 2007 , and Osorio and Ona (2006) studied the suitability of compost for preventing soil erosion and compared the stormwater quality with other options for erosion control. Gyasi-Agyei (2004 , 2005 described the use of compost for preventing erosion and establishment of grass on slopes.
In this paper, we have presented the results of our recent studies on the performance of erosion control blankets composed of pelletized waste materials. Several waste materials, including compost, can be pelletized to result in particle aggregates of desired properties and gradations. Successful erosion control blankets can be designed based on the properties and gradations of pelletized waste considering their resistance to erosion, self-filtration potential, and capacity to retain moisture and nutrients for promoting growth of vegetation.
WASTE MATERIALS IN EROSION CONTROL
Utilization of waste materials in erosion control reduces the need for disposing them in landfills, which are becoming increasingly expensive due to cost of urban lands. The treated wastes for erosion control should have low self-erodibility characteristics, long-term chemical stability, and capacity to retain moisture and nutrients for supporting vegetation. Pelletization of compost and similar materials increases their particle sizes, and improves their resistance to degradation and self-erosion.
In USA, the Environmental Protection Agency (EPA), the Composting Council Research and Education Foundation (CCREF), the U.S. Composting Council (USCC), and the federal and state Departments of Transportation (DOTs) have started to advocate and regulate the use of compost for preventing soil erosion. Similar efforts are underway to utilize pelletized inorganic industrial wastes in pollution prevention applications. However, the use of pelletized waste as erosion control blankets is hindered due to lack of understanding of their mechanism, design methods, and performance histories.
In this study, we are developing a mathematical model that considers the flow through different sections of an erosion control blanket, erodibility of waste pellets, and migration and filtration of eroded particles. Fig. 1 shows the schematic of a threesection erosion control blanket. The gradation of pellets is finer in the top section, medium in the middle section, and coarser in the bottom section. This variation is chosen to allow the water to flow freely inside the blanket without emerging on the slope. It is also meant for filtering and retaining any soil particles and contaminants that are getting eroded in the upper sections.
Fig. 1. Schematic of a three-section erosion control blanket of pelletized waste
As shown in Fig.1 , the top ditch collects all the discharge from the contaminated site and facilitates flow of that influent through the erosion control blanket. The turf prevents erosion of blanket due to rainfall, but allows some infiltration. The thickness of the erosion control blanket shall be sufficient to safely conduct the inflow entering at the top and rainfall infiltration, without seepage emerging on the top of the blanket. Also, the blanket shall have suitable particle gradation for retaining moisture to support vegetation during dry seasons. The gradation of medium blanket and coarse blankets shall satisfy the filtration criteria with respect to their upper section so that the seepage would not result in soil loss or pollution.
INTERNAL & SURFACE EROSION AND MOISTURE RETENTION
The success of an erosion control blanket depends on the design choices of particle gradations and section thicknesses. Such a design exercise shall consider possible surface erosion (before and after establishment of vegetation), the internal erosion Coarse Blanket and filtration processes, and moisture retention. The hydraulic conductivities of any particulate material can be estimated for initial and life-cycle stages by considering void ratio, particle characteristics, and particle gradation. These parameters change during the life cycle due to erosion, and escape/entrapment of particles due seepage.
Surface Erosion
The Revised Universal Soil Loss Equation (RUSLE), Renard et al (1997) , is a widely used method for estimating annual soil losses due to surface erosion. It is given as:
where A is the long-term annual average soil loss, R is the rainfall-runoff erosivity factor, K is the soil erodibility factor, L is the slope length factor, C is the crop and cover management factor, and P is the support practice factor. Kinnell (2007) reported that RUSLE over estimates small event soil losses and under estimates large event soil losses. Alternative advanced models of rainfall induced surface erosion were described by Tayfur 
Internal Erosion
The internal erosion of the finer blanket can be estimated by idealizing its pore space as a bundle of capillary tubes and calculating the shear stresses causing erosion. The model reported by Kakuturu and Reddi (2006) can re-written in this context as: where m er = the mass eroded in time interval Δt, E = erodibility rate expressed as mass eroded per shear stress difference, area τ(t) = the shear stress on the walls of that idealized pore tube at any given time τ cr = the critical shear stress of the material, and p = the surface area of that idealized pore tube The shear stress, τ(t), can be estimated using the discharge as:
where η = dynamic viscosity of the seeping water, Q(t) = the flow rate at any time t, and r cc = the radius of the idealized pore tube.
The internal erosion and subsequent partial re-deposition of eroded particles gradually reduces the hydraulic conductivities of medium and coarse sections during the life-cycle. Therefore, the design objective is to ensure that their hydraulic conductivities remain more that the desired values even at the end of life cycle. Reddi et al (2000) reported a model for estimating permeability reduction due to the entrapment of eroded particles in pore spaces.
Moisture Retention
The variation of gradation along the different parts of such a blanket configuration results in differences in the moisture retention capacity. This impacts the growth of vegetation and surface erodibility. Moreover, internal erosion of finer blanket may, over several years, reduce the moisture retention capacity of finer blanket. On the other hand, entrapment of eroded particles may increase the moisture in lower parts.
EXPERIMENTAL INVESTIGATIONS
For verifying the potential of pelletized compost blankets to resist erosion, a series of laboratory experiments were conducted at the Kansas State University, Manhattan, KS (USA). As shown in Fig. 2 , a laboratory model of compost erosion control blanket was tested by simulating the precipitation using a rainfall simulator.
Fig 2. Erosion testing of a 3-section compost blanket using a rainfall simulator
Pelletized compost (patent pending) manufactured by Earth Solutions, LLC, was used in our study. Two configurations were tested: (1) Mixed compost, with same gradation throughout, which was a mixture of three particle size ranges viz., fine, medium, and coarse; (2) Filtered compost, a 3-section blanket with fine, medium, and coarse size ranges arranged in separate sections from top to bottom, respectively. The compost sections were filled up in the test box (914 mm x 305 mm x 178 mm). The test box was placed at a slope of 1:3 (V:H), a typical value of slopes where erosion control is critical.
Six repeated rainfalls at an average intensity of 63.5 mm/hour were created for 1-hour duration each time. Six tests on each configuration were first conducted without vegetation. Four tests were repeated after establishing vegetation by embedding grass seeds between the base soil and compost blanket. In all the tests, the eroded material was collected and weighed for obtaining erodibility rate. The results of the tests on un-vegetated and vegetated blankets are presented in Fig. 3 and Fig. 4 , respectively. 
DISCUSSION AND CONCLUSIONS
It is seen from the experimental results that the mixed compost resulted in lower values of surface erosion losses compared with filtered compost. These results suggest that mixed compost, that is very well graded, has more resistance to surface erosion than filtered compost whose sections are not well graded. The surface erosion losses were smaller with vegetation than without vegetation. These results suggest that vegetation substantially reduces surface erosion of compost blankets.
Until now, the experimental part of our study was focused on surface erosion caused by precipitation on the slope. However, it is also needed to study the base flow (as shown in Fig.1 ) for considering erosion and filtration within the blanket. A comprehensive approach considering all the surface and internal phenomena could result in better mechanistic understanding of erosion control blankets.
